Quadriceps muscle specimens from autopsy of 28 neonates (gestational age 25-42 weeks) were investigated to determine pyruvate and malate oxidation rates and several enzymes of the mitochondrial oxidative process. In general, the levels of all mitochondrial parameters measured, including carnitine levels, were lower in the neonates who died within the first week of life than those in the control group (age> 5 years). Pyruvate and malate oxidation rates (P< O'05), activities of pyruvate dehydrogenase complex (P<0'10) and succinate: cytochrome c oxidoreductase (P<0'05) increased significantly with gestational age. Pyruvate oxidation rates (P<0'05) as well as activities of citrate synthase (P<0'05) and NADH:Ql oxidoreductase (P< O'05) were significantly lower in the group of very preterm infants at an age of 1-7 days compared with very preterm infants at an age between 3-8 weeks.
SUMMARY. Quadriceps muscle specimens from autopsy of 28 neonates (gestational age 25-42 weeks) were investigated to determine pyruvate and malate oxidation rates and several enzymes of the mitochondrial oxidative process. In general, the levels of all mitochondrial parameters measured, including carnitine levels, were lower in the neonates who died within the first week of life than those in the control group (age> 5 years). Pyruvate and malate oxidation rates (P< O'05), activities of pyruvate dehydrogenase complex (P<0 '10) and succinate: cytochrome c oxidoreductase (P<0'05) increased significantly with gestational age. Pyruvate oxidation rates (P<0'05) as well as activities of citrate synthase (P<0'05) and NADH:Ql oxidoreductase (P< O'05) were significantly lower in the group of very preterm infants at an age of 1-7 days compared with very preterm infants at an age between 3-8 weeks.
We conclude from our study that special reference values are necessary for a correct biochemical diagnosis of mitochondrial encephalomyopathies in the neonatal period. Differences between preterm and fullterm children of the same age (1 week) indicate a maturational process in human muscle tissue during gestation. Comparison of two different age groups within the very preterm neonates point to a postnatal maturation of the mitochondrial energy metabolism, at least in preterm neonates.
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Mitochondrial encephalomyopathies constitute a heterogeneous group of disorders characterized primarily by functional and/or morphological abnormalities of muscle mitochondria'P and a varying degree of central nervous system involvement. Recent progress in diagnostic techniques has led to the detection of an increasing number of such patients. A significant number of these patients develop the disorder in infancy, some immediately after birth with congenital lactic acidosis.I'"
Knowledge of the pre-and postnatal development of mitochondrial enzyme activities in human skeletal muscle tissue would be of great importance for the correct diagnosis of mitochondrial encephalomyopathies. Animal studiesl?
Correspondence: Dr Wolfgang Sperl, Department of Paediatrics, University of Innsbruck, Anichstr. 3S, A-6020 Innsbruck, Austria. 638 and the scarce data available from human skeletal muscle tissue'P-'! indicate that enzyme activities of the mitochondrial energy generating system increase with age.
Enzyme investigations are usually carried out first in biopsied quadriceps muscle.P:" Tissue from other striated muscles biopsied, for example, during neonatal operations cannot be compared with quadriceps muscle since mitochondrial enzyme activities vary between muscle types. IS We carried out enzyme investigations in quadriceps muscle specimens obtained at autopsy from human neonates in order to evaluate the dependency of mitochondrial enzyme activities on age. Twenty-eight human neonates of different gestational ages were studied. Pyruvate and malate oxidation rates in intact mitochondria, total and free carnitine concentration, and activities of single enzymes such as pyruvate 
MATERIALS AND METHODS

Patients
Specimens of m. quadriceps were obtained at autopsy from 28 newborn infants (19 male/9 female), 23 of whom died at an age between 1 and 7 days and five between 3 and 8 weeks.
Informed consent was obtained from the parents before autopsy. Specimens were taken within 1 h of death. The 23 children who died between 1 and 7 days of life were classified into the following three groups: group I-very preterm (gestational age 27-29 weeks, n = 8); group II-preterm (30-36 weeks, n = 7); and group III-full term neonates (37-42 weeks, n = 8). Group IV consisted of the five very preterm neonates (gestational age between 25 and 30 weeks) who died between 3 and 8 weeks after birth. Patient data and major clinical complications are listed in Tables 1 and  2 . Histopathological and enzyme-histochemical investigations of the muscle autopsy specimens were carried out to exclude neuromuscular disease. Control muscle specimens were taken from patients (age> 5 years), who underwent a diagnostic biopsy of m. quadriceps and in whom a mitochondrial defect had been biochemically excluded by normal oxidation rates as previously described. 12 Tissue preparation In 19 of the 28 cases, fresh muscle tissue was homogenized immediately after autopsy at 4°C with a tissue chopper and Elvehjem potter according to Fischer et al." Subsequently oxidation studies were carried out in 600 g supernatants.
Homogenate and supernatant were stored at -70°C for later investigations of enzyme activities. In the remaining nine cases (group I: n =2; group II: n =2; group III: n =3; group IV: n = 2) autopsied muscle tissue was immediately frozen in liquid nitrogen and stored at -70°C until analysis. Because tissue amounts were limited, not all enzyme measurements could be performed in all patients. Significant differences between fresh and frozen muscle tissue were found for succinate: cytochrome c oxidoreductase (SCC) and cytochrome c oxidase (COX). A correction factor was used for enzyme activities measured in frozen muscle tissue, so that they could be compared in statistical analysis with those measured in fresh tissue. The distribution of frozen tissue samples for COX measurement in the several groups was: group I: n = 2; group II: n = 2; group III: n =3; and group IV: n =2.
SCC was measured in frozen tissue in the following distribution: group I: n = 2; group II: n = 1: group III: n =2; and group IV: n =2). The correction factors were calculated from enzyme activities from control muscle tissue specimens (fresh/frozen), where both fresh and frozen muscle tissue from the same control patient was available. Control values for COX (homogenate) were: for fresh muscle tissue, mean (SD) 147
(62)mU/mg protein, range: 68-289, n = 15; frozen, mean (SD) 113 (42) mU/mg protein, range: 52-186, n = 15; correction factor for frozen tissue:
1· 33 ± 0'16 (95070 confidence interval), range:
Control values for SCC (600 g supernatant) were: fresh tissue, mean (SD) 50·7 (17'0) mU/mg protein, range: 28'6-76'6, n=9; frozen, mean 19'7 (10'6) mU/mg protein, range: 8'2-44·0, n = 9; correction factor for frozen tissue: 
RESULTS
Pyruvate and malate oxidation rates in all neonates were significantly lower than those for the control group (age> 5 years) when expressed on protein content or marker enzyme activity. With duration of pregnancy an increase of the oxidation rates, when expressed on protein, can be found (Table 3 ). However, when activity was expressed on the marker enzymes CS and COX, the differences were not statistically significant. This is because the activities of the latter enzymes also increased with gestational age (Table 4) .
Respiratory chain complexes, especially succinate: cytochrome c oxidoreductase (P < O' 05) and pyruvate dehydrogenase complex (P<O·lO) showed a similar pattern of increasing values with higher maturation at term ( The carnitine content of muscle tissue in neonates was significantly lower than in children and adults (Table 4 ). The percentage of acylated carnitine increased with gestational age.
DISCUSSION
In this study investigation of human skeletal muscle tissue from autopsy of week-old neonates revealed lower pyruvate and malate oxidation rates, lower respiratory chain enzyme activities and lower total carnitine levels compared to the control group (age> 5 years; Tables 3 and 4 ). Differences between preterm and fullterm children of the same age (1 week) were found for the oxidation rates (Table 3) reflecting that the overall capacity of the mitochondrial oxidative system probably undergoes a maturational process in human muscle tissue during gestation. These differences were less pronounced in single enzyme activities and only a trend for an increase of enzyme activities with gestational age was seen for pyruvate dehydrogenase complex and succinate: cytochrome c oxidoreductase. Comparison of oxidation rates and enzyme activities of two different age groups within the very preterm neonates (groups I and IV) revealed an age dependency of the oxidative mitochondrial system, pointing to a postnatal maturation, at least in preterm neonates.
A low neonatal oxidative capacity is in agreement with the sparse data so far reported for muscle tissue in humans'v-'! and animals.i-? Moggio et al. 1O demonstrated an increase in COX activity in human fetal skeletal muscle with gestation. Robinson et al. 8 found a significantly lower PDHC activity in brain, kidney cortex, skeletal and cardiac muscle of preterm primates compared with adult animals. Only in brain and kidney cortex was a significant difference between PDHC of preterm and term primates found. Our patients in the very preterm group are more premature than the primates in Robinson's study. Our data from human skeletal muscle are therefore not in contrast to the results of Robinson's primate study. Recently a clear prenatal increase in activity and protein content was shown for mitochondrial creatine kinase of human skeletal muscle." In another study on the age dependency of various enzymes involved in the energy producing system in rat skeletal muscle tissue, we found an increase in the mitochondrial enzymes up to the weaning period." Differentiation of the enzymes for the mitochondrial oxidative system has been shown in man as well as in animals not only for muscle but also for other tissues such as brain, liver and kidney. [22] [23] [24] [25] The results of this study indicate that agematched reference values are required for adequate diagnosis of mitochondrial encephalomyopathies. Patients with mitochondrial defects may present in the neonatal period.I" and enzyme deficiencies have to be discriminated from the low control values of this period. Two recent publications 26, 27 stress the possibility of a mitochondrial defect in association with neonatal respiratory distress syndrome (RDS). Both patients suffered from a COX deficiency. Probably more patients suffer from classical neonatal disorders such as RDS but not all have been investigated for mitochondrial defects.
In addition to their use for diagnostic purposes our data contribute to the understanding of neuromuscular development. Energy production from pyruvate is quite low in the newborn muscle tissue. So far investigations of human neonatal energy metabolism have predominantly been carried out by biophysical methods (direct and indirect calorimetry,28 thermodynamic modelj-? and data are scarce on enzyme levels.
The low carnitine levels found in neonatal skeletal muscle in premature babies are in accordance with low serum carnitine levels found at this age." Other investigators have found low levels of carnitine in neonatal muscle tissue obtained at autopsy and also found a positive correlation with gestational age. 30 , 3 1 The development of the central and peripheral nervous systems and that of skeletal muscle have to be considered in close association'" and innervation plays an important role in muscle differentiation.l-" Enzymes of the pyruvate oxidation route in neonatal brain are also low compared to values in adults" and ketone body utilization in the newborn baby delivers the majority of energy for brain metabolism. Differentiation of muscle and brain tissue and development of pyruvate oxidation in the rat is mainly completed at weaning, but the time course of neuromuscular development in man is much slower. 35 The exact age at which the pyruvate oxidation rate reaches adult values is still unknown. Lower values are still found at 3-8 weeks ( Table 3 , group IV). The different oxidative capacity of skeletal muscle tissue at different stages of maturation found in our study is in good agreement with differences in early neuromotor development found in preterm and term-newborn infants. 36, 37 Various factors should be borne in mind when assessing the findings of this study. First, autopsy material has been investigated. Histopathological and enzyme-histochemical investigations showed morphological integrity of the muscle tissue. Patients with muscular disease and major postmortem alterations could thus be excluded. In our experience, postmortem examination of muscle tissue taken within I h after death yielded results comparable with those obtained with a fresh biopsy specimen.":" Secondly, most of the patients had been in intensive care. Patients with sepsis were withdrawn from the study, since PDHC activity can be inhibited in sepsis. 39 ,4O It can be seen from our patient data that preterm babies suffered from more complications than the term ones ( Table 2 ). Furthermore the preterm infants had lower mean Apgar scores (Table I) . Nearly all the infants had been ventilated artificially and an effect of tissue hypoxia with a possible influence on mitochondrial enzyme activities cannot be excluded. The similarity of the ratios between the various enzyme activities in the several groups is in favour of a developmental process rather than an influence of, for example, hypoxia on an individual enzyme. Other animal studies provide evidence that exposure to hypoxia does not result in decreased mitochondrial enzyme activities. Eleander et al,"
studied metabolic adaptations to reduced muscle blood flow and concluded that intermittent hypoxia during contraction at reduced flow resulted in increased activities of mitochondrial enzymes. Yoshing et al. 42 studied acclimatization of rats to high altitude hypoxia and concluded that a shift of anaerobic glycolysis to aerobic metabolism occurred by the increase in the oxidative enzymes. It is therefore highly improbable that the significantly lower mitochondrial enzyme activities in the preterm infants as compared to adult controls are caused by tissue hypoxia.
Finally, the differences in oxidation rates and enzyme activities found by comparison of two groups of very premature neonates of different age (groups I and IV in Tables 3 and 4 ) cannot be explained by more serious hypoxia and other complications, since both patient groups are highly comparable on clinical grounds (Tables I and 2 ).
Knowledge of reference enzyme activities in the newborn is a fundamental requirement for the interpretation of values obtained from neonates suspected to suffer from a mitochondrial encephalomyopathy, However, such reference activities can only be obtained from enzyme investigations of biopsy material, which is not possible for ethical reasons. Measurement of enzyme activities or oxidation rates in cultured fibroblasts is not a practical alternative for adequate diagnosis of mitochondrial myopathies in the neonatal period since tissue specificity has been observed in mitochondrial defects and enzyme defects are often not expressed in cultured fibroblasts. 14, 43, 44 So far no strong emphasis has been put in the literature on the careful interpretation of mitochondrial enzyme data from neonates. Our results from investigations of neonatal skeletal muscle obtained at autopsy provide some indication that there exists maturation and age dependency of mitochondrial enzymes involved in the oxidative energy production in human skeletal muscle. These results are important for the diagnosis of mitochondrial encephalomyopathies in the neonatal period.
